Introduction
It has recently been suggested that angiotensin II (AII) is not simply an autacoid with hemodynamic and renal actions, but rather a biologically active mediator that imparts direct effects on endothelial and vascular smooth muscle cells. Actually, AII plays a key role in the initiation and amplification of pathobiological events leading to vascular disease. In addition, AII is a major mediator of oxidative stress and reduces nitric oxide (NO) activity by activating NADH/ NADPH oxidase (1), thereby generating superoxide anion (O2
• − ) according to the reaction NADPH + 2O2 → 2O2
• − + NADP
•+ + H •+ . Found initially in phagocytic cells, NAD(P)H oxidase has also been identified in non-phagocytic cells such as fibroblasts (2) , endothelial cells (3), vascular smooth muscle cells (4) , renal mesangial cells (5, 6) , and renal tubular cells (7, 8) . The upregulation of NAD(P)H oxidase by AII has been demonstrated in aortic vascular smooth muscle (9, 10) , afferent arterioles of the glomerulus (11) , and endothelial cells. Reaction between the superoxide anion and nitric oxide will generate peroxynitrite, resulting in oxidative stresses that are highly damaging to endothelial cells. Moreover, studies using chronic kidney disease rodent models have suggested that AII receptor blockade has beneficial effects beyond mere blood-pressure lowering (12, 13) . It would be of additional interest if AII were to generate superoxide independent of the AII receptor. Therefore, the reduction of AII-mediated oxidative stress presents one approach to control macro-vasculature and micro-vasculature remodeling and endothelial apoptosis (14) .
Osawa hypothesized in 1970 that fullerenes were the third allotropic carbon form, following graphite and diamond. Because the corannulene molecular structure was a subset of a structure with a soccer ball-like shape, he hypothesized the existence of a full ball (15) . In 1985, Osawa's predictionwhich had been made in a local chemistry journal "Kagaku" in Japan and gone mostly unnoticed for over a decade-was rediscovered by Kroto et al. (16) , who began the search anew, and the fullerene was finally isolated in 1990 by Krätschmer et al. (17) . Among fullerenes, C60, or the Buckminsterfullerene, is the smallest. As predicted, it resembles a soccer ball, comprising hexagons and pentagons with no two hexagons sharing an edge. This fullerene is naturally occurring, and commonly found in candle soot. The anti-oxidative potency of native C60 fullerenes has been reported by Krusic et al. (18) . The spheroidal structure of C60 fullerenes, consisting of numerous interconnected double bonds, is highly reactive with oxygen free radicals. Therefore, the chemical capability to receive oxygen free radicals will be superior to that of known scavengers. Water-soluble fullerenes were first reported by Chiang et al. (19) , Friedman et al. (20) , and Tokuyama et al. (21) . The solubility was secured by either allelic hydroxy or carboxylic acid functional groups synthesized on carbon atoms of the fullerene structure, as seen in fullerenol-1 (C60(OH)nOm, n= 18-20, m= 3-7 hemiketal moieties). Subsequently, soluble fullerenes like fullerenol-1 were applied to life sciences. Furthermore, the electric paramagnetic resonance measurement demonstrated that fullerenol-1 virtually abolishes the •OH signal generated by hydrogen peroxide. It is also noteworthy that, by the addition of •OH radicals to the fullerenol-1 molecule, the spheroidal structure of C60 provided more stable adducts of C60. In spite of these theoretical aspects implying an inert nature, accumulating evidence supports the notion that fullerenes have prooxidant characteristics (22) (23) (24) (25) . Most of these studies were performed using water-insoluble fullerenes, which are a very different chemical entity from the soluble group, and which must be used with caution due to their toxicity presumably secured during their extraction processes.
Two reports (26, 27) have described the anti-oxidative capabilities of water-soluble fullerenes, but none have described a water-soluble fullerene vesicle. Dugan et al. investigated the anti-oxidative capacity of water-soluble fullerenes in vitro and found that those capabilities differ depending on the chemical structure of the functional group on the surface (28) . They demonstrated the efficacy of carboxyfullerenes in preventing neuronal death induced by serum deprivation or exposure to Alzheimer amyloid peptide (Aβ1-42). We have developed a water-soluble fullerene vesicle of less than 100-nm diameter, which is potentially suitable for endocytotic incorporation, and which is expected to reduce both extracellular and intracellular oxidative stress much more efficiently than previous water-soluble fullerenes. This study, for the first time, examined that antioxidative fullerene-vesicle capability.
Methods

Materials
H2DCFDA, a "dihydro" derivative of fluorescein, is readily oxidized back to the parent dye, and is thus commonly used as a fluorogenic probe to detect the generation of reactive oxygen species (ROS). A chlormethyl (CM-) derivative of H2DCFDA, CM-H2DCFDA, exhibits more specific fluorescence against ROS in live cells than other derivatives, and was therefore used in the present study. CM-H2DCFDA was obtained from Molecular Probes Inc. (Eugene, USA). Daiichi Sankyo Co. Ltd. (Tokyo, Japan) provided the AII receptor blocker RNH-6270 (RNH; olmesartan) (29) . For this study, hydroxyphenyl fluorescein (HPF; 2-[6-(4′-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid) was acquired (Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan). HPF does not react with nitric oxide, superoxide, or hydrogen peroxide, and thus responds more specifically to peroxynitrite and hydroxyl radical (30) . Annexin V and propidium iodide were also obtained from Molecular Probes Inc. Alamar blue was obtained from Biosource International Inc. (Camarillo, USA). The oxidized form of Alamar blue, which has little intrinsic fluorescence, becomes reduced in viable cells. Consequently, the reduced form of Alamar blue is highly fluorescent, and the cellular viability can be quantified by the extent of this conversion. All other chemicals were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan) unless otherwise specified.
Fabrication of a Water-Soluble Fullerene Vesicle
The method used to generate water-soluble fullerenes was detailed previously by our group (31, 32) . In brief, the R (functional group) is substituted with C6H5, namely phenyl (penta-) substituted fullerene cyclopentadienide (Ph5C60K, abbreviated as PhK), and attains hydrophobic capabilities. The PhK bilayer vesicle consists of a monoanionic PhK molecule in aqueous solution; its outer shell radius is theoretically calculated as 17.6 nm in water. The micro-chemical structure of PhK is depicted in Fig. 1 (left) , along with the putative bilayer structure (right). The structure of the PhK bilayer vesicle was reported previously by our group (32) .
Cell Culture
Human umbilical venous cells (HUVEC) was obtained from the Health Science Research Resource Bank (HSRRB, Osaka, Japan) and maintained in the defined medium with endothelial supplementation (EGM2 Bullet Kit; Clonetics Corp., San Diego, USA). Endothelial cells were lifted with 0.05% trypsin-0.53 mmol/L EDTA (Gibco BRL, Gaithersburg, USA) and washed. Then 2 × 10 4 cells/well were seeded in each well of a 96-well plate (Corning Inc., Corning, USA). All experiments were performed using HUVEC between passages 3 and 6.
Cell Viability Assay
The Alamar blue assay is designed to measure cell viability simply, sensitively, and rapidly. The sensitivity and specificity of this dye for measuring cell viability and cytotoxicity are comparable to those of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) assay (33) . Alamar blue is equivalent to non-fluorescent resazurin in oxidized form. Alamar blue appeared very stable in an already "reduced" CO2-buffered medium. The presence of living cells allowed the reduction of dye through respiration-dependent metabolic activity in which electrons were donated to Alamar blue. The reduced form of Alamar blue is equivalent to resorufin, which has a pinkish fluorescence, and therefore reflects the cellular viability. Among a wide variety of reductases, diaphorase has been identified as the enzyme that is most likely to be responsible for the reduction of resazurin in semen (34). Matsumoto et al. also demonstrated the diaphorase-dependent reduction of resazurin to resorufin in vitro (35) . Therefore, the level of resofurin will partially reflect the physiological tonus of nitric oxide in endothelial cells.
The HUVEC, seeded in a 96-well microplate (Corning Inc.) at a density of 2 × 10 4 per well, were capable of creating a cell monolayer after overnight incubation (15 h) and exposure to hydrogen peroxide alone or in combination with the watersoluble fullerene vesicle (PhK) until 8 h of the indicated concentration. To examine cell viability, HUVEC were loaded with 10% Alamar blue. In each experiment, Alamar blue fluorescence was measured on four separate cell monolayers at an excitation wavelength of 544 nm and an emission wavelength of 590 nm using a fluorescent microplate reader (fMax; Molecular Devices Corp., Sunnyvale, USA) and analyzed using software (SoftMax Pro; Molecular Devices Corp.). The experiment was repeated four times. Then HUVEC were preincubated with PhK at 0.1 or 10 μmol/L for 12 h, and subsequently stimulated by the indicated concentration of AII for 8 h. Cellular viability was expressed using the index of percent viability (% viability) against the timed control cells of the same preparation without agonist. A negative control for PhK was established by addition of vehicle (saline) alone instead of PhK. Similarly, RNH was used as a positive control in the AII experiment.
Fluorescence Measurement of Intracellular ROS and Peroxynitrite Production
To measure intracellular ROS production, the HUVEC were loaded on a 96-well fluorescent plate (Corning Inc.) with 10 μmol/L CM-H2DCFDA for 30 min at 37°C in the dark. Under each experiment, fluorescence of CM-H2DCFDA was measured on four separate cell monolayers using an excitation . The HUVEC were exposed to hydrogen peroxide alone at a concentration of 0.10 mmol/L and in combination with fullerenes at concentrations of 0.1 μmol/L, 1 μmol/L, and 10 μmol/L. Experiments were performed for 1 h. Similarly, AII 10 − 7 mol/L was inoculated onto HUVEC after pretreatment with fullerene at the concentrations of 0.1 μmol/L, 1 μmol/L, and 10 μmol/L, as described above, and left for 1 h. The dose-dependency of AII was also monitored for intracellular ROS production. After referring to previous reports of in vitro studies, RNH was used at 20 μmol/L concentration (36) (37) (38) . The experiment was repeated four times.
The AII-induced peroxynitrite generation was examined further in HUVEC seeded on a 96-well fluorescent plate. Preincubation of PhK at 0.1 μmol/L or 1 μmol/L was conducted for 12 h, as described above. The peroxynitrite formation was measured using the peroxynitrite-dependent oxidation of dihydrorhodamine-123 to rhodamine-123 using a concentration of 5 μmol/L (39). After 24-h incubation, the fluorescence of rhodamine-123 was measured at an excitation wavelength of 500 nm and emission wavelength of 536 nm. Alternatively, peroxynitrite and hydroxyl radical generation were measured using hydroxyphenyl fluorescein (HPF) 10 μmol/L at an excitation wavelength of 485 nm and an emission of 535 nm, where HPF is non-fluorescent until it reacts with the perox- ynitrite or related hydroxy radicals. All experiments were performed in quadruplicate, and the experiment was repeated four times.
Flow Cytometry Analysis
Either hydrogen peroxide or AII in combination with PhK was administered to HUVEC monolayers according to the protocols described above. The HUVEC 1 × 10 6 cells/mL were suspended into 500 μL pre-warmed (37°C) PBS (Sigma-Aldrich Corp., St. Louis, USA) supplemented with 5% FBS after trypsinization and washing.
Annexin V 5% was added to the cell suspension, and then incubated at 37°C for 15 min following the manufacturer's instructions. Subsequently, propidium iodide was added at a concentration of 1 μg/mL and flow cytometry was performed using FACScan (BD Biosciences Immunocytometry Systems, San Jose, USA) at a 488 nm excitation wavelength and emission filters of 530 nm (FL-1 channel) and 675 nm (FL-3 channel). Data were analyzed using Cell Quest pro (BD Biosciences). Annexin V detected apoptotic and necrotic cells at the FL-1 high positive area or FL-1 and FL-3 double-positive areas.
Preparation for Transmission Electron Microscopic Examination
The HUVEC grown on cover slips to semi-confluence were incubated with PhK 10 μmol/L for 12 h, washed three times using PBS, and fixed using 2.5% glutaraldehyde (Electron Microscopy Sciences, Ft. Washington, USA) for 45 min at 4°C. After washing three times with PBS, samples were immersed in 1.5% oxidized osmium for 1 h at 4°C. Post-fixation was performed using 2% paraformaldehyde with 2.5% glutaraldehyde in PBS (pH 7.1) for 20 min and then the samples were dehydrated. Cells on cover slips were transferred to Epon under mild heating. After ultrathin sectioning and postfixation by uranium acetate and lead citrate, the transmission electron microscopic (TEM) (H-1000; Hitachi Ltd., Tokyo, Japan) examination was performed.
Immunocytochemical Analysis for HexanoylLysine Adducts Formation
The HUVEC grown in a slide chamber (BD Falcon, Franklin Lakes, USA) were stimulated using AII 10 − 7 mol/L in the presence or absence of PhK 1 μmol/L. Monoclonal antibody for hexanoyl-lysine (HEL; JaICA, Shizuoka, Japan) adducts was applied to the cell monolayer at a dilution of 1 to 200 after fixation using 2% glutaraldehyde and regular blocking procedures. The following staining was performed using a Vectorstain ABC system (Vector Laboratories Inc., Burlingame, USA). For substrate-chromogen reaction, Vector Red (Vector Laboratories Inc.) was used according to the manufacturer's protocol. Mounted preparations were examined using light microscopy (Nikon E600; Nikon Corp., Tokyo, Japan). Images were captured using a CCD camera (DXM1200F; Nikon Corp., Tokyo, Japan).
Fig. 4. PhK reduced exogenous and endogenous oxidative stress. One hour of stimulation with hydrogen peroxide (HP) 0.1 mmol/L was used as an exogenous oxidative stressor (A). Similarly, 1 h of stimulation with the indicated dose of angiotensin II (AII) was used as an endogenous oxidative stressor (B). Exogenous and endogenous ROS
Statistical Analyses
The results are expressed as the means±SD. The differences among experimental groups were detected using ANOVA with Tukey's HSD post hoc analysis. Values of p< 0.05 were considered to indicate statistical significance.
Results
When HUVEC were subjected to exogenous oxidative stress by addition of hydrogen peroxide at concentrations of 0.05 mmol/L, 0.1 mmol/L, and 0.25 mmol/L for 8 h, cellular metabolic viability 1 h after the addition was decreased markedly to about 25% (at 0.25 mmol/L), 35% (0.1 mmol/L), and 45% (0.05 mmol/L) (Fig. 2) . These decreases were prolonged for 8 h, but partial improvement in viability was apparent in the hydrogen peroxide 0.05 mmol/L and 0.1 mmol/L groups when PhK was added at a concentration between 0.01 and 1 μmol/L. Similarly, AII-induced reduction of metabolic activity was observed at 2 h after AII addition at concentrations between 10 − 7 and 10 − 9 mol/L (Fig. 3) ; this decrease was gradually reversed from between 2 and 8 h after AII addition. The decreases in metabolic activity were also greatly ameliorated (Fig. 4A) . Then, AII-induced ROS generation was detected dose-dependently at concentrations of 10 − 7 mol/L and 10 − 9 mol/L using CM-H2DCFDA. The remarkable increase in ROS production that was apparent in the cells treated with AII 10 − 7 mol/L (to 120.0±11.1 rfu) was reduced considerably by pretreatment with PhK 1 μmol/L (to 103.7±16.6 rfu) or 10 μmol/L (to 105.2±18.0 rfu), and these reduced levels were similar to that following treatment with the AII receptor blocker RNH (104.4±21.5) (Fig. 4B) . Furthermore, AII-induced peroxynitrite generation via the reaction
was detected after addition of AII at concentrations between mol/L markedly increased the fluorescence level of HPF, and this increase was decreased significantly by pretreatment with PhK 0.1 μmol/L or 1 μmol/L (Fig. 5) . The combination of Annexin V with propidium iodide is suitable to evaluate apoptosis in vitro. Compared to the control, AII 10 − 7 mol/L provoked cellular apoptosis in HUVEC; that induction was reduced by addition of PhK 1 μmol/L ( Fig.  6 ; representative data of three experiments). Because the AII-induced endogenous oxidative stress was decreased in HUVEC, intracellular incorporation of PhK into HUVEC was investigated using TEM analysis, which clarified the cytoplasmic localization of dense fullerene particles; that image was obtained after 24 h of incubation (Fig. 7) .
Typically, ROS will affect the cell membrane, degrading it into arachidonic acid and linoleic acid, where lipid hydroperoxides are formed enzymatically during oxidative stress from 5-lipoxygenase (5-LOX), 15-LOX, cyclooxygenase-1 (COX-1), and COX-2. Both 15-LOX and COX-2 convert linoleic acid into the prototypic n-6 polyunsaturated fatty acid (PUFA) hydroperoxide. The major products from oxidized fatty acids are the esterified forms of 9-and 13-hydroxyl/ hydroperoxy derivatives of linoleic acid. Furthermore, ROSderived lipid hydroperoxides break down to form the α,β-unsaturated aldehyde genotoxins, 4-oxo-2-nonenal, 4-hydroxy-2-nonenal, and 4,5-epoxy-2(E)-decenal. Osawa and coworkers recently found that 13-HPODE bound covalently to proteins (40) . The ROS-derived lipid-hydroperoxides are therefore capable of damaging cellular macromolecules such as DNA and proteins to form HEL, the lipid hydroperoxidemodified lysine residues. A monoclonal antibody raised against HEL adducts is therefore the representative oxidative stress marker for the earlier stages of the lipid peroxidation process. Figure 8 illustrates the AII-induced lipid peroxidation of HUVEC as visualized using anti-HEL antibody. The HEL adducts formation appeared in the cytoplasmic region, as shown in red in the image, when HUVEC were stimulated by AII 10 − 7 mol/L for 3 h. This finding was alleviated in the presence of PhK 1 μmol/L. Based on the above results, PhK quenched O2
• − derivates from NAD(P)H oxidase, and stopped prolongation of the O2
• − -mediated radical chain reaction; reaction with nitric oxide, lipid, mitochondrial DNA, and amino acid in protein.
Those quenching will protect cells from apoptosis.
Discussion
This study demonstrated the ability of a water-soluble fullerene vesicle (PhK) to reduce both exogenous and endogenous oxidative stress. Exogenous oxidative stress often occurs with acute injury-e.g., in tissue ischemia reperfusion, multiple organ failure (MOF), and inflammatory diseases such as systemic inflammatory response syndrome (SIRS). Endogenous oxidative stress is more often associated with chronic pathophysiological conditions, which are characterized by chronic endothelial dysfunction in both macro-vascular and micro-vascular systems. This is especially true of such pathophysiological conditions as hypertension, arteriosclerosis, ischemic heart disease, diabetes mellitus, and chronic kidney disease. In other words, endogenous oxidative stress is more closely related to metabolic syndrome and is presumably more important for preventive medicine. Endothelial nitric oxide affects the vasodilation of vascular smooth muscle. The level of endothelial nitric oxide is often mitigated by AII-dependent superoxide generation by NAD(P)H oxidase in endothelial cells (3) . Consequently, a decrease of nitric oxide by superoxide definitely increases vascular tonus. Therefore, the influence of AII-induced oxidative stress is crucial for control of the diseases described above.
The efficacy of water-soluble fullerenes in reducing oxidative stress has been reported for polyhydroxylated fullerenes, carboxyfullerenes, and hexasulfobutyl[60]fullerenes. Polyhydroxylated fullerenes synthesized by Lai et al. were applied to a canine intestinal ischemia-reperfusion model (41) . Polyhydroxylated fullerenes were effective at decreasing tissue conjugated diene content, which is an index of lipid peroxidation. The tissue malondialdehyde level was also decreased in a polyhydroxylated fullerene group, and the glutathione system was preserved. Similarly, carboxyfullerenes with a very large electronegative center were effective at inhibiting neuronal iron-induced oxidative stress (42); hexa- sulfobutyl[60]fullerenes, which consist of the six sulfobutyl functional group, were protective against oxidation of lowdensity lipoprotein (43) . On the other hand, accumulated evidence exists to support prooxidant characteristics of fullerenes (22) (23) (24) (25) . Nonetheless, most of these studies investigated the non water-soluble type. Nagano et al. reported singlet oxygen generation from C60 fullerenes (23), and Satoh et al. demonstrated that daimonic acid C60 reduces nitric oxideinduced vasodilatation (24) . Tsuchiya et al. reported that the ROS generated by C60 interrupts embryonic differentiation, thereby inducing anomalies (25) ; it also exhibits mutagenicity via lipid peroxidation (44) . Furthermore, a recent report from Oberdörster et al. suggests the injurious nature of this molecule to marine organisms: they inoculated C60 fullerene into water at concentrations of 0.5 ppm and found that largemouth bass suffered a 17-fold increase in lipid peroxidative cellular damage in brain tissue after 48 h (45). Clearly, fullerenes have a dual nature, exhibiting both beneficial effects and malign toxicities. Standardization for the material-evaluation of fullerene is therefore required, as we recently suggested (46) .
The pattern of fullerenes quenching singlet oxygen ( 1 O2) is chemically dependent on their 30 carbon-carbon double bonds (C =C) (18, 47) . That mechanism, covalent double bonds reacting with 1 O2 through the charge transfer process, is often observed in other well known antioxidants, such as carotenoids (48) (49) (50) and flavonoids (51) . In addition, the overall antioxidant and cell-protective capabilities of fullerenes are greater than those of vitamin E (52), and the O2
• − -quenching capabilities are equivalent to those of ascorbic acid and thiourea (53) . It is always an issue that these antioxidants exhibit dual characteristics of both free radical generators and quenchers (54) . Fullerene derivatives are no exception. However, PhK, which has phenyl groups located at the polar head of C60, shows amphiphilicity and produces a bilayer vesicle consisting of 12,700 units of PhK, similar to a lipid bilayer (32) . In fact, PhK differs from previously reported fullerene derivatives from a structural point of view. The hydrophobic sites, which consist of carbon double bonds and which react with radical species, are secured inside the bilayer ( Fig. 1; right) . Therefore, if radical chain reactions occur, the reaction might be prolonged inside the vesicle. For that reason, the countervailing radical generator effect that is often seen in antioxidants is inferred to be negligible in PhK.
The cytotoxicity of PhK must be investigated in greater detail in future studies, since PhK can be incorporated into the cytoplasmic region of endothelial cells, as shown by TEM; for that reason, the PhK vesicle might be effective for ameliorating the endogenous oxidative stress induced by AII. We found no cytotoxicity imparted by the dosage of PhK used in this study. The results of this study clarify that PhK is effective for reducing exogenous and endogenous oxidative stress in vitro. However, dose-dependency of PhK was not observed within the concentration range used in our experiment. Based on its chemical structure, PhK will never aggregate in pure water within the range of 1 to 10 μmol/L. Nevertheless, the higher electrolyte concentration in culture medium definitely induces aggregation of PhK at the nano-level, which mitigates the higher anti-ROS capability of PhK in higher concentration. For that reason, dose-dependency was not seen in our experiment.
AII-induced superoxide generation is inhibitable by PhK. This capability was shown to be effective at reducing the effects of the earlier stages of the lipid peroxidation process and thereby decreasing the level of cellular apoptosis. Additional studies will be needed to confirm the applicability of PhK to controlling AII-related pathophysiological conditions such as hypertension, atherosclerosis, ischemic heart disease, chronic heart failure, and chronic kidney disease. 
